Influence of atmospheric turbulence on states of light carrying orbital 

angular momentum 
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We have experimentally studied the degradation of mode purity for light beams carrying orbital angular 
momentum (OAM) propagating through simulated atmospheric turbulence. The turbulence is modeled as 
a randomly varying phase aberration, which obeys statistics postulated by Kolmogorov turbulence theory. 
We introduce this simulated turbulence through the use of a phase-only spatial light modulator. Once the 
turbulence is introduced, the degradation in mode quality results in cross-talk between OAM modes. We study 
this cross-talk in OAM for eleven modes, showing that turbulence uniformly degrades the purity of all the 
modes within this range, irrespective of mode number. © 2013 Optical Society of America 
OCIS codes: 010.1330, 270.5585, 270.5565 



A fundamental concern for any free-space communica- 
tions channel is the effect that atmospheric turbulence 
has on the cross-talk between channels. Atmospheric 
turbulence has been studied at great length by the as- 
tronomy community in relation to aberrations in an im- 
age pQ . The natural randomly time dependent variations 
in temperature and pressure of the atmosphere result- 
ing in a change in density of the atmosphere result in 
a spatial dependent change of the refractive index lead- 
ing to a phase distortion across a transmitted beam [2] . 
A phase distortion of this type can be considered as a 
phase screen, and is commonly referred to as thin phase 
turbulence [3]. 

There has been recent interest in the use of spatial 
modes as an additional degree of freedom to increase the 
available information bandwidth for free-space commu- 
nication. One example of these modes are beams car- 
rying orbital angular momentum (OAM). Allen et al. 
showed that beams with a transverse amplitude profile 
of ip£ = A(r) exp(i£6) carry an orbital angular momen- 
tum of £Ti per photon [4|. An example of such beams 
are Laguerre-Gaussian (LG) modes which have a helical 
phase structure, with r and as the radial and angular 
coordinates respectively. The variable £ is an unbounded 
integer, and as such suggests the use of OAM as a vari- 
able in free-space optical communication links [5j[6]. In 
addition to the advantages of a large alphabet, the secu- 
rity of cryptographic keys transmitted with a quantum 
key distribution system have been shown to be improved 
with the use of a large Hilbert space [7]. 

Recently, there have been several studies on how at- 
mospheric turbulence affects such OAM based communi- 
cation [8rfT2]. In this letter, we experimentally study the 
effects of atmospheric turbulence on a communication 




Fig. 1. (a) A beam carrying OAM is prepared by the use 
of a i?- forked hologram, seen in (b). This is realized on 
a spatial light modulator (SLM) illuminated by an ex- 
panded HeNe laser. The first order beam is imaged onto 
the front aperture of a OAM mode sorter (MS) which 
converts OAM states into transverse momentum states 
with the use of two refractive optical elements. These 
transverse momentum states are then focused to spe- 
cific spatial locations on a CCD. The power measured in 
each of these locations gives a measure of the OAM su- 
perposition incident on the mode sorter, (c) Thin phase 
turbulence is added to the ^-forked hologram changing 
the OAM superposition measured by the system. 
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system utilizing OAM modes as the information carrier. 
We generate a single OAM mode using a spatial light 
modulator (SLM). Atmospheric turbulence is then sim- 
ulated by the addition of a turbulent phase screen to the 
phase hologram displayed on the SLM shown in Fig. [TJ 
Once the turbulence is applied, the phase aberrations 
result in a spread of the input mode power over neigh- 
boring OAM modes, resulting in cross-talk between the 
channels. This spread in power is then measured for dif- 
ferent turbulence strengths. 

We generate turbulence phase screens according to 
Kolmogorov turbulence theory j3]. The aberrations in- 
troduced by atmospheric turbulence can be considered 
as normal random variables, where the ensemble average 
can be written as ^[0(ri) — </>(r 2 )] 2 ^, which is known 
as the phase structure function [El El- Here, 0(ri) and 
(/>(r 2 ) are two randomly generated phase fluctuations. 
From Kolmogorov statistics it can be shown that this 
ensemble average must meet the requirement that 
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The value ro is the Fried parameter, and is a measure 
of the traverse distance scale over which the refractive 
index is correlated |3 j . To characterize the effect of tur- 
bulence on the optical system, the ratio D/ro is consid- 
ered, where D is the aperture of the system. There are 
two limiting cases for this ratio: when D/ro < 1, the res- 
olution of the system is limited by its aperture, and when 
D/ro > 1? the atmosphere limits the system's ability to 
resolve an object [3]. 

Our theoretical analysis closely follows that of refer- 
ence [9]. Consider a single OAM mode, transmitted 
through an ensemble average of many turbulent phase 
screens. The average detected power, 5a, in the mode, 
^+a, is given by 
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where A is an integer step in the mode index of 
p = 2r/D [9]. 

As shown in Fig. 1, we generate OAM modes by use 
of a simple forked diffraction grating created using an 
SLM that is illuminated by an expanded gaussian beam 
produced by a HeNe laser. Rather than producing a 
pure Laguerre-Gaussian mode, this results in a helically 
phased beam, which has a near-Gaussian intensity dis- 
tribution in the image plane of the SLM. This approach 
maintains the ratio D/ro independent of the mode index. 
A particular turbulent phase screen can then be added 
to this hologram to simulate the presence of atmospheric 
turbulence. The SLM is then imaged to the 8 mm diam- 
eter input pupil of the OAM mode sorter (MS) to de- 
compose the resulting beam into its constituent OAM 
modes. 

The mode sorter uses two refractive optical elements 
which transform OAM states into transverse momen- 
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Fig. 2. The average power (sa) in detected mode ?pA is 
plotted as a function of turbulence strength (D/ro) for 
an input mode with £ = (see Eqn. [2]). Experimental 
data (crosses) is co-plotted with the theoretical predic- 
tion given by Eqn. [2] taking into account the inherent 
cross-talk of the sorter (solid lines). The original theory 
from Ref. [9] is also plotted for comparison (dotted lines). 



turn states [T3JH4] • These elements transform a beam 
of the form exp(i£0), to exp(i£x / a) at the output, where 
a is a scaling parameter. A lens is used to focus these 
transverse momentum modes to discrete spots at a CCD 
placed in its focal plane. Adjacent, equally sized regions 
are selected on the CCD image, with each region corre- 
sponding to a specific lvalue. The total counts over all 
the pixels in each region is summed to give the relative 
power in each OAM mode. For each input £ mode, the 
power is measured across all 11 regions, and normalized 
with respect to the power measured for i = with no 
turbulence applied. 

A mode range of £ = — 5 to £ = +5 was investigated, 
and for 100 randomly generated phase screens the aver- 
age power in each OAM mode was measured (Fig. [2]). 
A range of turbulence levels characterised by D/ro were 
tested. As predicted by Eqn. [21 the cross-talk between 
OAM modes increases with turbulence. In the mid/high 
turbulence regime we see good agreement between our 
measurements and the theory proposed in [9] . In the low 
turbulence regime, the cross-talk between modes arises 
from residual cross-talk in our mode sorter, which can be 
attributed to the diffraction limit [T3[[T4] . The weightings 
of the known input states described by an N = 11 ele- 
ment column vector [/] are mapped by an TV x N cross- 
talk matrix onto the measured N element output vector 
[O] (Eqn. [3]). For the case of zero residual cross-talk, this 
matrix would correspond to an identity matrix. For fi- 
nite cross-talk, the coefficients a — j etc. are measured at 
zero turbulence. Consequently, this matrix is used to pre- 
dict the measured OAM output spectrum for an input 
OAM state subject to the atmospheric cross-talk from 
our theoretical model (Eqn. [2]). 
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Fig. 3. The spread in power resulting from atmospheric 
turbulence was measured for a range of different propa- 
gating OAM modes ip£. 



distance point-to-point communications on earth, tur- 
bulence is characterized more accurately by multi-plane 
turbulence. In such cases one can expect intensity fluctu- 
ations and scintillation effects, and the thin phase model 
is insufficient. 

Knowledge of the limits atmospheric turbulence im- 
poses on a free-space communication channel is very im- 
portant for designing an optical system operating in such 
an environment. In this letter, we have experimentally 
characterized the effects of thin-phase turbulence over a 
range of £ = —5 to £ = +5, and verified that turbulence 
degrades the mode quality independent of input mode 
number. This result indicates that a system implement- 
ing adaptive optics to reduce the effects of turbulence 
can operate independently of the communications chan- 
nel. The experimental data presented also indicates the 
potential working range of a free-space OAM channel 
and the expected cross-talk for such a system. We ex- 
pect that our study provides useful information for the 
construction of practical quantum key distribution sys- 
tems using OAM modes [T5] . 
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It is seen in Fig. [2j that at high turbulence values 
(D/ro ^> 1) the average power is equally spread between 
all detected modes. It should be noted that we are only 
considering the proportion of the power detected within 
the detector regions and not considering the power inci- 
dent outside these regions. 

The theory presented in Ref. [9] indicates that the 
probability of modal cross-talk resulting from atmo- 
spheric turbulence is independent of the input mode 
number. To examine this theory, we studied the effects of 
turbulence on different OAM modes ranging from £ = — 5 
to £ = +5. For each of these modes, the same set of tur- 
bulent phase screens was applied. The measured cross- 
talk is shown in Fig. [3l We note that the observed cross- 
talk is indeed very similar for the entire range of OAM 
modes that we examined. 

In this work we have studied the case where turbu- 
lence can be considered as a thin phase screen. Such an 
approach is widely used in astronomy, as when one con- 
siders the distance to an astronomical light source, the 
largest proportion of the turbulence is experienced rela- 
tively close to the observer. However, in the case of long 
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